ABSTRACT The site-specific recombinase encoded by bacteriophage λ (Int) is responsible for integrating and excising the viral chromosome into and out of the chromosome of its Escherichia coli host. Int carries out a reaction that is highly directional, tightly regulated, and depends upon an ensemble of accessory DNA bending proteins acting on 240 bp of DNA encoding 16 protein binding sites. This additional complexity enables two pathways, integrative and excisive recombination, whose opposite, and effectively irreversible, directions are dictated by different physiological and environmental signals.
INTRODUCTION
The λ site-specific recombination pathway has enjoyed the sequential attentions of geneticists, biochemists, and structural biologists for more than 50 years. It has proven to be a rewarding model system of sufficient simplicity to yield a gratifying level of understanding within a single (fortuitously timed) professional career, and of sufficient complexity to engage a small cadre of scientists motivated to peal this onion. The initiating highlight of the genetics phase was the insightful proposal by Allan Campbell for the pathway by which the λ chromosome integrates into, and excises from, the Escherichia coli host chromosome (1) . The breakthrough for the biochemical phase was the purification of λ integrase (Int) and the integration host factor (IHF) by Howard Nash (2, 3) . The first major step in the structural phase was the cocrystal structure of IHF bound to its DNA target site by Phoebe Rice and Howard Nash (4) . Although the crystal structure of naked Fis protein had been determined earlier (5, 6) , the full impact of Fis on understanding the fundamentals of the Int reaction did not come until much later (7, 8) .
λ Integrase is generally regarded as the founding member of what is now called the tyrosine recombinase family, even though many family members are not strictly recombinases. Family membership is defined by the creation of novel DNA junctions via an active site tyrosine that cleaves and reseals DNA through the formation of a covalent 3′-phospho-tyrosine high-energy intermediate without the requirement for any highenergy cofactors. Other important, well studied, and highly exploited family members each have their own chapter in this volume of Mobile DNA III. Limitations on space prevent the inclusion in this chapter of the many other interesting family members, which comprise a wide range of biological functions and interesting variations on the themes discussed here, including other well-studied members of the heterobivalent subfamily, such as Tn916 (9) , HP1 (10) , and L5 (11) . For previous reviews that include sections on the tyrosine recombinase family and λ Int see references 12, 13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 26, and 27 . In this review, I will try to emphasize as much as possible those features of the λ Int pathway that have been reported since, or were not the focus of, earlier reviews, an intention that will consequently highlight recent advances in structural aspects of the pathway.
OVERVIEW OF THE REACTION
The λ Int recombination pathway has evolved to provide a conditional, effectively irreversible, DNA switch in the life cycle of the virus. The "cost" (complexity) associated with regulated directionality in the λ Int pathway is what distinguishes it from its Cre and Flp siblings (Fig. 1) . As in most of the family members, each recombining partner DNA contains a pair of inverted repeat recombinase binding sites (called core-type sites) that flank a 7 bp over lap region (O) (6 to 8 bp in other systems) that is identical in both DNAs. (Evolution of new core-type and overlap DNA sequences has been proposed to proceed by low frequency λ phage insertions at sites other than the canonical attB [28] .) DNA cleavage and exchange of the top strands on one side of the overlap region by two active Ints creates a four-way DNA junction [Holliday junction (HJ) ] that is then resolved to recombinant products by the remaining pair of Ints cleaving and exchanging the bottom strands on the other side of the overlap region (Fig. 2) . Appended to two of the four core-type sites are additional DNA sequences that encode binding sites for the second (NTD) DNA binding domain of Int and the accessory DNA bending proteins, IHF, Xis, and Fis. As indicated by color coding in Fig. 1 , some sites are required only for integrative recombination between attP (on the phage chromosome) and attB (on the bacterial chromosome), some are required only for excisive recombination between the attL and attR sites (flanking the integrated prophage), and some sites are required for both reactions. For more detail, see reference 27 . It has been suggested that the additional complexity of the λ pathway evolved to regulate the directionality of recombination in response to the physiological state of the host cell (29) , a notion that is now well documented in latent human viruses, such as the ubiquitous herpes virus, cf., "… the [herpes] viral genome evolved to sense the infection status of the host… through highly evolved pathogen genomes with the capacity to sense host cytokines…" (30) .
HOLLIDAY JUNCTION INTERMEDIATES
A hallmark of the tyrosine recombinase family, discussed here in terms of the λ pathway, is the formation of a fourway DNA junction (HJ) intermediate. For a long time, it was thought that this was a very unstable intermediate because it was difficult to identify without designing elaborate substrates (31, 32, 33) . Only many years later was it discovered that the standard sodium dodecyl sulfate (SDS) treatment employed for visualizing naked HJ DNA gave misleading results because SDS fails to quench Int ligation activity fast enough to prevent reformation of the initial phosphodiester bonds (see also below) (34) .
A striking feature of HJ formation in the Int reaction is that it is always initiated by cleavage and exchange of the same ("top") strands in both integrative and excisive recombination (one of the facts indicating that the two reactions are not the reverse of one another) ( Fig. 2) (31, 32, 33, 35) . These features of the reaction suggested a mechanism-based method of trapping HJ complexes (outlined in Fig. 2 ) that would prove useful in studies of the complete higher-order complexes (described below) (36, 37, 38, 39) .
Based upon structural snapshots from X-ray crystallographic models, patterns of amino acid residues in the active sites, mutational studies, and biochemical analyses, it is supposed there are only small differences between the pathways of λ Int, Cre, and Flp at the level of HJ formation, structure, and resolution, and likely only minor differences in their respective chemistries of DNA cleavage and ligation. One exception to this generalization is the manner in which the active site tyrosine nucleophile is delivered to the active site. In the case of Flp it is delivered in trans, that is, the tyrosine of one protomer in the tetramer is activated as a nucleophile in the active site of its adjacent neighbor (40, 41) . While in both Int and Cre the tyrosine nucleophile is in cis, its proper positioning within the active site depends upon the nature of an interprotomer interaction between adjacent protomers within the tetrameric complex (42, 43, 44, 45) , as discussed further below. In the absence of the NTD DNA binding domain Int can efficiently resolve HJs but it cannot carry out a recombination reaction (discussed further below) (46, 47, 48, 49) . It is also clear from mutational analyses that there are Int residues that are specifically critical for HJ resolution but not DNA cleavage (50) .
HEXAPEPTIDE INHIBITORS
In a bold and formidable effort to find recombination inhibitors that would trap the HJ intermediate, Anca Segall and her collaborators used deconvolution of synthetic hexapeptide libraries to search for hexapeptides that would block recombination subsequent to the first HJ-forming strand exchange (51, 52) . Their most potent peptide inhibitor, WRWYCR, whose active form is a dimer assembled via a disulfide bridge between two peptide monomers, stably traps HJ complexes in all FIGURE 1 λ Integrase and the overlapping ensembles of protein binding sites that comprise att site DNA. The left panel shows the structure of a single λ Int protomer bound via its NTD to an arm site DNA and via its CTD to a core site DNA (adapted from the Int tetrameric structure determined by Biswas et al. [44] , PDB code 1Z1G). The right panel shows the recombination reactions. Integrative recombination between supercoiled attP and linear attB requires the virally encoded integrase (Int) (2) and the host-encoded accessory DNA bending protein integration host factor (IHF) (4, 177) and gives rise to an integrated phage chromosome bounded by attL and attR. Excisive recombination between attL and attR to regenerate attP and attB additionally requires the phage-encoded Xis protein (which inhibits integrative recombination) (140) and is stimulated by the hostencoded Fis protein (8) . Both reactions proceed through a Holliday junction intermediate that is first generated and then resolved by single strand exchanges on the left and right side of the 7 bp overlap region, respectively. The two reactions proceed with the same order of sequential strand exchanges (not the reverse order) and use different subsets of protein binding sites in the P and P′ arms, as indicated by the filled boxes: Int arm-type P1, P2, P′1, P′2, and P′3 (green); integration host factor (IHF), H1, H2, and H′ (gray); Xis, X1, X1.5, and X2 (gold); and Fis (pink). The four core-type Int binding sites, C, C′, B, and B′ (blue boxes) are each bound in a C-clamp fashion by the CB and CAT domains, referred to here as the CTD. This is where Int executes isoenergetic DNA strand cleavages and ligations via a high-energy covalent 3′-phospho-tyrosine intermediate. pathways mediated by Int as well as Cre (53, 54) . Using this inhibitor, they were able to study the kinetics of HJ resolution under several different conditions and in several different Int-mediated pathways (55, 56) . One of their conclusions from these studies was that spermidine stabilizes the "second" HJ isomeric form (the precursor to product formation) (57) . Application of a hexapeptide inhibitor to studying the Bacteriodes NBU1 recombination pathway revealed that IntN1 recombinase is surprisingly more efficient when it forms HJs in the presence of mismatches, although their resolution to products does require homology (58) .
In vitro, the hexapeptides inhibit a range of enzymes involving tyrosine-mediated transesterification, such as vaccinia virus topoisomerase and E. coli topoisomerase I (59). Subsequently, they were shown to be bacteriocidal to both Gram positive and Gram negative bacteria, presumably because they can interfere with DNA repair and chromosome dimer resolution by XerC/D. They were also shown to inhibit the excision of several different prophages in vivo (60) . The in vivo successes of the hexapeptide inhibitors motivated the Segall group to search for therapeutically more useful small molecules with similar activities. Indeed, a search of over nine million compounds yielded one potentially interesting compound with properties that suggested the possible value of further searches for functional analogs of the hexapeptide inhibitors (61).
FIGURE 2 Formation, resolution, and trapping of Holliday junctions (HJ). (A)
The top strand of each att site is cleaved via formation of a high-energy phosphotyrosine intermediate and the strands are exchanged (three bases are "swapped") to form the HJ, thus, creating a branch point close to the center of the overlap regions. A conformational change of the complex that slightly repositions the branch point and more extremely repositions the Int protomers leads to the second swap of DNA strands and resolution of the HJ to helical products (44, 178) . These features of the reaction suggested the mechanism-based method of trapping HJ complexes shown in (B). The left panel shows the DNA sequence changes made in the 7 bp overlap regions to trap HJ intermediates (lower case letters). Following the first pair of Int cleavages (via the active site Tyr) on one side of the overlap regions (arranged here in antiparallel orientation), the "top" strands are swapped to form the HJ; this simultaneously converts the unpaired (bubble) bases to duplex DNA. On the other side, the sequence differences between the two overlap regions strongly disfavor the second ("bottom") strand swap that would resolve the HJ, because this would generate unpaired bubbles in the product complex (36, 37, 38, 39) . This diagram applies to both integrative and excisive recombination (even though the labels refer to integrative recombination). Adapted in part, with permission, from reference 36. doi:10.1128/microbiolspec.MDNA3-0051-2014.f2
KINETICS
To overcome the difficulty of distinguishing kinetically relevant intermediates from off-pathway species, single molecule experiments were used to determine how binding energy from the multiple protein-DNA interactions is used to achieve efficiency and directionality in the overall Int recombination pathway (34) . Protein binding (i.e., associated DNA bending), synapsis between attL and attR, HJ formation, and recombination were all monitored by changes in the length of a 1353 bp DNA that served as a diffusion-limiting tether of a microscopic bead to the flow chamber bed of a video-enhanced light microscope. In these experiments it was found that stable bent-DNA complexes containing Int, IHF, and Xis form rapidly (<20 s) and independently on attL and attR, and synapsis under these conditions is extremely rapid (1.0 min
−1
). These single molecule experiments strongly suggest there are no intrinsic mechanistic features of the pathway that make synapsis slow. While Intmediated DNA cleavage, before or immediately after synapsis, is required to stabilize the synaptic complexes, those complexes that synapsed (∼50% of the total) yield recombinant with an impressive ∼100% efficiency. The rate-limiting step of excision occurs after synapsis, but closely precedes or is concomitant with the appearance of a stable HJ. This single molecule result is consistent with the observation that in solution rates of stable HJ formation are similar to the rates of excisive recombination (62) .
Given the reversibility of the underlying chemistry of recombination, the apparent irreversibility observed in these experiments of each step of the reaction (except for synapsis) is notable. This result indicates that the overall directionality of excisive recombination is a direct consequence of the sequence of protein-protein and protein-DNA interactions that efficiently drive the reaction forward through nearly every step. It was proposed that the slow step in the reaction is some conformational change that stabilizes the HJ (34) . Candidates for this rate-limiting step, such as the scissoring movement of the HJ arms, the shift in the localized bend of the HJ, or the reorientation of the active and inactive pairs of Int protomers, are suggested by comparison of the different X-ray crystal structures of tyrosine family recombinases complexed with their respective four-armed DNAs (15, 22, 43, 44, 63) .
A totally different aspect of the kinetics of recombination concerns the process by which λ DNA, once inside the cell, finds its cognate attB site. Surprisingly, λ DNA does not carry out an active search but rather remains confined to the point where it entered the cell; it is the directed motion of the bacterial DNA during chromosome replication that delivers attB to a waiting, relatively stationary, attP (64).
STRUCTURE OF THE Int CTD
Among the most significant recent advances in our understanding of λ Int recombination were those emanating from the X-ray crystallographic studies by the Ellenberger laboratory (44, 45, 65) . The second Int fragment to be used by the Ellenberger laboratory for X-ray crystallography, lacked the NTD (arm binding domain) and consisted of residues 75 to 356 (45) . Referred to as C75 in the literature and here called the CTD, it corresponds to the two domains comprising the well-studied monovalent family members such as Cre, Flp, and XerC/D. The λ Int CTD is not competent for recombination but it is an efficient topoisomerase, binds weakly to single core-type DNA sites, and resolves λ att site HJs (48, 66, 67) . The weak binding of the λ Int CTD to single core-type sites was circumvented by trapping covalent Int-att site complexes with a "flapped" suicide substrate containing a nick within the overlap region, three bases from the scissile phosphate (Fig. 3A) .
As shown in Fig. 3 , the λ Int CTD consists of a catalytic domain that is joined to the central binding (CB) domain by a flexible, interdomain linker, residues I160-R176, that is extremely sensitive to proteolytic degradation (45, 48) . The CB and catalytic domains of Int both contribute to recognition of the core site, although the former, whose structure has also been determined (68) , confers most of the sequence specificity (69, 70) . Only two residues from each domain (K95 and N99 in the CB domain and K235 and R287 in the catalytic domain) directly form hydrogen bonds with DNA bases. Interestingly, one of them, K95, interacts with a base, Gua30, that is absent in the B′ site, the weakest of the four core sites (71) . The base-specific interactions are consistent with the effects of mutations of these and nearby residues that affect DNA binding specificity (72, 73, 74) .
In comparison to the monovalent family members, Cre and Flp (41, 42, 43) , the λ Int CTD displays fewer hydrogen bonds and total direct contacts to DNA bases in both its amino-and carboxy-terminal domains. Additionally, the extended unstructured interdomain linker of λ Int appears to be more flexible than the Cre linker (43) , suggesting an increase in entropic cost of binding to DNA. Indeed, the helpful and informative int-h mutant (E174K), which substitutes a lysine in the middle of the interdomain linker adjacent to the site of DNA cleavage, ASMscience.org/MicrobiolSpectrumincreases the DNA binding affinity of λ Int and relaxes or eliminates the requirement for IHF during recombination (75, 76) . It was proposed that the substituted lysine might enhance DNA binding affinity by contributing a stabilizing interaction with DNA, and/or by constraining the movement of the interdomain linker (45) .
A comparison of the structure of the CTD Int covalently bound to DNA (45) with that of the unliganded catalytic domain (65) , revealed that the tyrosine342 nucleophile had moved approximately 20 Å into the active site where it forms a 3′-phosphotyrosine linkage with the cleaved DNA (Fig. 4) . Additionally, in the tetrameric complex, the eight carboxy-terminal residues (349 to 356) of a protomer extend away from the protein and pack against a neighboring protomer, contributing in trans an additional strand (β7) to the sheet formed by strands β1, β2, and β3 of the catalytic domain. This trans packing arrangement of β7 is required for appropriate placement of the Tyr342 nucleophile into the active site. This fact, in conjunction with the phenotypes of a number of Int mutants, suggests a dual role for the alternative stacking arrangements of β7. This also suggested an attractive explanation for the findings that a carboxy-terminal deletion of seven residues (commencing with Trp350), and mutations involving residues in or around β7 (all of which were expected to untether the Tyr342) abolished recombination but enhanced the topoisomerase activity of monomers (77, 78, 79) . Because these same mutations decrease recombinase activity, the C-terminal tail could also be important in coordinating the catalytic activities of adjacent protomers, as seen in the X-ray crystal structure of the tetrameric higher order recombination complex ( Fig. 4C) (44, 80) .
In contrast to the large movement of the Tyr342 nucleophile in transitioning from the unliganded to the liganded Int, the other four catalytically important residues, R212, K235, H308, and R311, show less than 1 Å movement on average between the two structures, as is also true for most of the other residues in the catalytic domain. The role of these residues in catalysis was established by mutational analyses of several tyrosine recombinase family members, biochemical analyses (especially of topoisomerase I), sequence comparisons of other family members, and shortly thereafter, comparisons with the X-ray crystal structures of other DNAbound family members (41, 43, 81, 82, 83, 84, 85, 86, 87, 88) .
ROLE OF THE Int NTD
The following experiments were carried out to prove it was possible to "de-tune" a monovalent recombinase, for example, Cre, and convert it to a regulated unidirectional recombinase by appending an NTD (89) . Cre recombinase is bidirectional, unregulated, does not require accessory proteins, and has a minimal symmetric DNA target. Rather than de-tuning the Cre recombinase its DNA target was attenuated: a single base pair change, previously shown to weaken the interaction between Cre and its DNA binding site (90) was introduced into each of the inverted repeat Cre binding sites and the DNA sequence and spacing between the DNA cleavage sites (the "overlap" region) was changed to the canonical seven base pair sequence of the λ att sites. λ P and P′ arms were appended to the modified Cre target sites to generate analogs of the four λ att sites.
To complete the recombination pathway, a gene fusion encoding the first 74 residues of λ Int was fused to Cre. The resulting chimeric Cre protein product carried out recombinations between the analogs of the four λ att sites with all of the properties of canonical λ Intdependent pathways: reactions were dependent upon IHF, Xis was required for the excision reaction but inhibited the integration reaction, integrative recombination required the P1 but not the P2 sites, and the excisive reaction required P2 but not P1 (cf. Fig. 1 ).
It appears from these experiments that the regulated directionality of the λ Int pathway has been conferred on Cre by the appended 74 N-terminal residues of λ Int coupled with the reduction in DNA binding efficiency between Cre and its DNA target sites. These experiments suggest that two simple steps, in no specified order, are all that is required for the evolution of the heterobivalent recombinases from their monovalent siblings. However, they do not rule out an alternative evolutionary trajectory in which the monovalent and heterobivalent site-specific recombinases evolved in parallel from a common, less efficient, precursor.
While the NTD of λ Int was able to confer regulated directionality on the Cre recombinase, it is possible, and even likely, that not all of the λ NTD functions were revealed in these experiments. For example, effects resulting from any interactions between the NTD and the CTD were not studied in those experiments and they would not likely even be manifest in the hybrid protein.
One example of such interactions came from studies on the context-dependent effects of the NTD. These studies were prompted by the unexpected finding that the Int CTD (residues 65 to 356, called C65) is more active as a topoisomerase, in binding to core-type sites, cleaving DNA, and resolving synthetic Holliday junctions, than the full length Int. In other words, the NTD is an inhibitor of the primary Int functions (49) . Equally surprising was the fact that when the cloned and purified NTD (residues 1 to 65) was added to the cloned and purified CTD, it stimulated all of the primary Int functions, well beyond the levels observed for either CTD or full length Int. In other words, when present in cis (i.e., in full length Int), the NTD is an inhibitor of Int functions, but when present in trans, it is a stimulator. Resolution of the apparent paradox came with the finding that addition of an oligonucleotide encoding the arm-type DNA sites (P′1-P′2) to full length Int abolished the cis NTD inhibition and resulted in the formation of a ternary complex between Int and core and arm-type DNAs.
These results led to the hypothesis of an enhanced dual role for the DNA bending accessory proteins. In addition to their structural function in facilitating the Int-mediated arm-core bridges that comprise the higherorder structure of recombinogenic complexes, they should also be viewed as a requirement to overcome the N-domain inhibition of recombinase functions (49) .
These data and the resultant hypothesis are consistent with the finding of mutants in one domain that effect the activity of the other (72, 77) , and the important observation of Richet et al. that Int does not bind well to attB unless it part of a higher-order attP complex (91) .
Residues Met1 to Leu64 comprise the minimal Int fragment that binds to arm-type sites and it does so with almost the same efficiency as full length Int (66, 92) . However, an additional six residues are required (Met1 to Ser70) for cooperative binding to the adjacent arm-type sites P′1, P′2, and P′3. The greatest cooperativity in binding, which is between sites P′2 and P′3, depends upon the single bp between them and is resistant to an unopposed three base bulge in the top strand but not in the bottom strand. The asymmetric effect of the unopposed bulge is consistent with DNA bending upon Int binding to the P′ arm sites. Int's affinity for the single sites P′1 or P1 exceeds its net affinity for P′2-P′3 (44, 93) . It is interesting that the two lowest affinity armtype sites, P2 and P′3 are each required for only one of the two recombination reactions, excision and integration, respectively, and are also the outermost sites in their respective pathways. Int binding at P2 is greatly enhanced by its cooperativity with Xis binding at X1, and Int binding at P′3 is enhanced (to a lesser extent) by its cooperativity with Int binding at P′2, thus, rendering the excisive reaction very sensitive to Xis concentration and the integrative reaction more sensitive to Int concentration (66) . The latter fit nicely with a very early observation by Enquist et al. that integrative recombination is more sensitive than excisive recombination to decreased intracellular levels of Int (94) . The Int 1-70 NTD is also equally as competent as full length Int for cooperative interactions with Xis when the two are bound at P2 and X1, respectively (66) .
STRUCTURE OF THE NTD
The first view of the NTD structure came from a nuclear magnetic resonance (NMR) analysis of the Met1-Leu64 peptide, which revealed a fold structurally related to the three-stranded β-sheet family of DNA-binding domains. However, it was supplemented with a disordered 10 residue amino-terminal basic tail, that was shown to be important for arm binding by its loss of function upon removing a single positive charge (G2KΔ2R) (92) . The importance and role of the amino-terminal basic tail was clearly shown in the subsequent NMR structure of the NTD in complex with its DNA target site (95) . Only two other proteins containing this fold have been visualized in complex with their DNA targets: the N-terminal domains from the Tn916 Int protein (96) and from the ethylene responsive factor from Arabidopsis thaliana (AtERF1) (97) . All three proteins recognize DNA via their unique three-stranded antiparallel β-sheet that is inserted into the major groove of their respective DNA targets. The smaller size of the β-sheet-DNA interface in the λ NTD, relative to the other two proteins, is presumably compensated by the additional contacts of the 11 residue amino-terminal tail that projects deep into the minor groove (95) .
STRUCTURE OF A FULL Int TETRAMER COMPLEX
A structural view of the full λ Int did not come until it was cocrystallized with DNA bound at the NTD and CTD, recognition domains for the arm-and core-type DNA sites, respectively. These studies by the Ellenberger laboratory were particularly informative because they represented Int-DNA complexes at three different steps along the recombination pathway (44) . One of the structures, a synaptic complex between two COC' core-type sites bound by four CTDs (residues 75 to 356), represented an early step after the first DNA cleavage but before strand exchange. A second structure, with full length Ints in which the cleaved strands had exchanged but ligation was prevented by a modified DNA substrate, represented a post strand-exchange complex. And the third structure was a synthetic Holliday junction intermediate bound by four full length Ints, carrying the Tyr342Phe mutation, that were thus unable to cleave the DNA into products. In the last two structures, the NTDs of the full length Ints were bound to short oligonucleotides containing tandem P′1-P′2 arm-type DNA binding sites. It is likely that the presence of this arm-type DNA occupying the NTD domains was a critical factor in the successful crystallization of the full length Int, and additionally imposed a facilitating (albeit unnatural) 2-fold symmetry. The other factor critical for crystallization was the stable tetrameric arrangement of protomers within each complex.
The tetrameric complexes with full length Int assemble into three distinct layers. The NTD (residues 1 to 63) that binds to arm-type sites is joined to the core-binding domain (CB domain; residues 75 to 175) by a short α-helical segment (residues 64 to 74), and this, in turn, is connected to the C-terminal catalytic domain (residues 176 to 356) through another linker (residues 160 to 176). Together, the three domains of each Int form an ensemble that engages the core and arm DNA targets to form a tightly knit but flexible tetrameric complex (Fig. 5) (44) .
The four NTDs are bound by two antiparallel arm DNAs that slightly bend towards each other, with each pair binding the adjacent P′1-P′2 binding sites. The basic N-terminal segment (residues 2 to 10), that was disordered in the NMR structure but shown to be required for recombination activity (92) , tucks into the minor groove adjacent to the 3′ side of the arm-type consensus sequence (44).
As noted above, the CB and catalytic domains (which are referred to together as the CTD in this review) are structurally analogous to the full-length monovalent tyrosine recombinases, Cre (42, 43) , Flp (41) , and XerC/D (98) . Thus, it is not surprising that λ Int has a catalytic pocket that resembles the other family members with nearly identical conserved residues (Arg212, Lys235, His308, Arg311, and His333) that engage the scissile phosphate and Tyr342 nucleophile (44, 45, 65) .
Among the factors likely to contribute to λ CTD's lack of recombination function, is the linker (residues 160 to 176) between the CB and catalytic domains. In contrast to the analogous linker in Cre, it lacks the αE helix that contributes many intersubunit interactions that stabilize the Cre tetramer (42, 43) . Consequently, the loosely packed CB domains of the λ Int tetramer are able to rotate against each other by as much as 30°in the different isomers that were crystallized (44) .
It was particularly interesting that each of the three independent crystal structures determined by Biswas et al. (44) illustrates a different conformation of the core DNAs and different subunit packing interactions (Fig. 6) . The skewed packing of protomers generates two very different subunit interfaces comprising active versus inactive catalytic sites. In the former, the Tyr342 helix is well ordered and stabilized by electrostatic interactions with two catalytically essential residues. In the latter, the β9 is incompatible with these stabilizing interactions and the region around Tyr342 is disordered (see also Fig. 4C ). It should be noted that an α-helical conformation around Tyr342, that was not seen in the active conformation of the earlier crystal structure of the λ CTD (residues 75 to 356) (45) , was confirmed by additional crystal structures (in the presence of orthovanadate) to likely be the true active conformation (44) .
In the crystal structure of the synaptic, prestrandexchange, complex, the tetramer deviates strongly from 4-fold symmetry: the scissile phosphates (which can be visualized as the corners of a parallelogram) of the cleaved DNA strands are 39 Å apart while those of the uncleaved strands are 50 Å apart (Fig. 6A, D) . This translational offset brings the cleaved 5′ ends closer to the phosphotyrosine of the synapsing partner, thus, facilitating strand exchange and ligation. In the post strand-exchange complex, the core DNAs resemble a HJ intermediate with approximate four-fold symmetry.
Here the kink has moved to a more central position, 4 bp away from the cleaved site, bringing the cleavage sites of the bottom strands closer together, and possibly disfavoring reversal of the top strand cleavage (Fig. 6B, E) . In the complex with a synthetic preformed HJ, the crossover point was fixed three nucleotides from one pair of cleavage sites, and consequently, these sites are used preferentially for resolution (67, 99) . This complex is also highly skewed such that the scissile phosphates, bound by the active protomers, are brought close together (Fig. 6C, F) . Although not apparent in the crystal structures, mutational analyses also reveal nonequivalent interactions between the NTDs of neighboring Int protomers during HJ resolution (100) .
One of the features of the tetrameric Int crystal structures, which was also inferred from solution studies of these small complexes (101) , is a cyclically permuted topology, in which each NTD packs on top of the neighboring CB domain. It is now thought that this 2-fold symmetric NTD arrangement does not reflect that of a bona fide (integrative or excisive) recombinogenic complex, but rather is a consequence of the symmetric arm-type sites that are not connected by DNA and bending proteins to the core region, as discussed further below.
INTEGRATION HOST FACTOR
Integration host factor (IHF) was discovered in the very early studies of λ site-specific recombination by virtue of its role as a host-encoded protein that was essential both in vitro and in vivo for integrative and excisive recombination (102, 103) . Its specific architectural role was demonstrated by the observation that IHF bending at the H′ site could stimulate Int binding and cleavage at the low-affinity C′ core site (104) . As has not infrequently been the case, an E. coli protein discovered for its role in a phage life cycle, turned out to be an important player in the physiology of the cell. IHF is involved in regulation of gene transcription, especially σ 54 promoters (105), initiation of DNA replication (106), transposition (107) , and phage packaging (108) (for reviews see ref- erences 109, 110, 111, 112, 113, 114, 115, 116) .
To a large extent, the role and mechanisms of IHF in λ site-specific recombination, the crystal structure of IHF in complex with its DNA target, and the ways in which the physiology and biology of IHF in the host cell can impact recombination in vivo, have been reported and discussed prior to, and within, a previous review of λ site-specific recombination (27) . More recent studies of IHF have centered on details of its interaction with DNA (117, 118, 119) and the mechanics and features of DNA bending by IHF (120, 121, 122, 123) .
IHF is a hetero-dimeric protein consisting of two highly basic polypeptides, α and β, with molecular masses of 11,200 and 10,580 Da, respectively. These two subunits share approximately 30% homology to each other and also to the family of type II DNA-binding proteins that includes major histone-like proteins of E. coli such as HU.
The IHF structure, which is very similar to that of HU, is a compact, globular domain, consisting of symmetrically intertwined α and β subunits, from which two long β ribbon arms extend. The arms curl around the DNA and interact exclusively with the minor groove; most of the DNA bending (>160°) occurs at two large kinks, 9 bp apart (Fig. 7 ) (4). It has also been possible to construct a functional IHF in which the two chains have been fused into one (124) .
The sequence preference displayed by IHF does not come from specific side chain contacts: it makes no contacts at all within the major groove and only a few hydrogen bonds to positions in the minor groove. Rather its specificity comes from "indirect readout," based on the sequence dependent structural parameters of its target DNA. Indeed, biochemical and structural studies of a relaxed-specificity mutant of IHF revealed how specificity is determined within the TTR portion of the consensus sequence (117) . Within certain constraints, the structure of the DNA was driven by its own sequence and the protein side chains had readjusted to accommodate the different DNA structures.
Evidence that formation of a distinct DNA path was indeed the primary role of IHF came from "bend swap" experiments, where one or more IHF sites were replaced by unrelated DNA bending modules, either intrinsically bent DNA or different DNA bending proteins, such as HU (56, 125, 126) . Although able to complement the lack of IHF-induced bending, none of the chimeric constructions performed as efficiently as the wild-type arrangement. The inability of the bend swap chimeras to achieve wild-type efficiency was evidently due to a requirement for considerable precision, as evidenced by the observation that an IHF bend wrongly positioned by just 1 bp, in a loop of constant length between C′ and P′1 of attL, could severely reduce excisive recombination efficiency (127) .
It is attractive to propose that the evolution of Int's dependence on host-encoded accessory proteins derives, at least in part, from the benefits of linking the regulation and direction of recombination to the physiology of the host cell (see also the discussion of Fis protein below). In this regard, the changing levels of intracellular IHF are potentially interesting. The relative abundance of IHF increases approximately 5-to 7-fold over a 6 h span after entry into stationary phase (128, 129) , and decreases when stationary-phase cells are diluted into fresh medium and cell mass begins to double (130) . It is interesting that in vitro high IHF concentrations tend to inhibit the excisive reaction (131) . The in vivo downshift in IHF concentration is probably not due to increased protein degradation, as IHF is not unstable in its dimeric form (132, 133) , but instead appears to be a consequence of arrested transcription upon entry into exponential phase and increased transcription of the individual subunits upon entry into stationary phase (134) . Additionally, there is evidence that IHF may play an essential role in survival from cell starvation: not only is IHF critical for induction of 14 proteins from the glucose starvation stimulon but mutants lacking IHF appear to be severely compromised in their ability to survive glucose starvation (135).
Xis
As noted above, the small phage-encoded Xis protein is the key determinant of directionality in the λ pathway. Essential for the excisive reaction and stimulating more than 10 6 -fold in vivo, it is also inhibitory for the integrative reaction (136, 137) . The NMR structure of Xis C28S revealed an unusual "winged"-helix structure formed by two α-helices that are packed against two extended strands. While this structure itself did not afford critical insights into how Xis plays such a critical role in the λ pathway, it did herald the start of a steady progression towards this goal by the Johnson and Clubb laboratories (138) . A 1.7 Å resolution cocrystal structure of Xis
C28S
complexed with a 15 bp DNA fragment containing its cognate X2 binding site comprised the second step of the Johnson/Clubb progression and provided a detailed view of the complex, which was largely in accord with their proposals based on the NMR structure of the free protein ( Fig. 8A) (139) . Although, the Xis-X2 complex is bent only modestly (approximately 25°), and hardly enough to account for the strikingly large curvature observed for a larger Xis-attR complex (93) , it did suggest a molecular model for the Xis stimulation of Int binding to the adjacent P2 arm-type site (Fig. 8B) . A precursor to a larger and more informative cocrystal structure was the finding that, counter to the previous long-standing notion of two Xis binding sites (X1 and X2), a third Xis was bound at a site between them, called X1.5 (140, 141) . The initial EMSA data were supplemented with protein-protein crosslinking experiments to further confirm the trimeric nature of the complex (140) . More useful insights for understanding the role of Xis in directing recombination came from the 2.6 Å cocrystal structure of Xis bound to a larger DNA target comprising the entire 33 bp Xis binding region (Fig. 8C) (140) . The three Xis proteins bind to this DNA in a head-to-tail orientation that generates a micronucleoprotein filament having approximately 72°of curvature and a slight positive writhe (Fig. 8D) .
The differences in the specific interactions at X1 versus X2, combined with the observed nonspecific binding of Xis at the X1.5 site and the range of different interactions at ostensibly similar protein-protein interfaces, foreshadowed experiments showing that the flexible recognition surfaces of Xis result in a relatively promiscuous binder of DNA. The propensity for nonspecific DNA binding was further characterized in an Xis-DNA cocrystal with an 18 bp fragment of DNA (8) . While this flexibility of DNA recognition is important for binding at the X1.5 site, where protein-protein interactions with the X1-and X2-bound Xis protomers provide additional stability, it also means that Xis is easily distracted from its attR target in vivo, where there is a huge excess of nonspecific DNA. Indeed, this latter point explains why excisive recombination in vivo is 50 to 200-fold lower in the absence of Fis (see also below) (8) . Correspondingly, the Fis dependence of excisive recombination in vitro is only seen at limiting concentrations of Xis (142) 
Fis
It is ironic, but understandable with hindsight, that although Fis protein was the first component of the λ recombination pathway to be crystallized (5, 6) , it was the last component whose biological and molecular role was elucidated (8) . Throughout this 16-year period (and beyond), the Johnson lab has played the leading role in studying the many roles and mechanisms of the Fis protein (112, 143, 144, 145) . Fis was initially identified as a factor in promoting site-specific recombination by DNA invertases (146, 147) and was shortly thereafter shown to bind cooperatively with Xis at attR and to stimulate excisive recombination up to 20-fold when Xis is limiting (142) . In vivo, the absence of Fis reduced attP formation from an induced lysogen by 100 to 1,000-fold (138, 148) ; it was also shown to be required along with Xis for binding to the attR region in the P22 challenge phage system (149) .
Fis, like the other host-encoded accessory protein in the λ Int pathway, IHF, is a nucleoid associated protein of global, structural, and regulatory importance. Its role in determining overall chromosome structure is exerted by contributing to the looped-domain architecture of the nucleoid, and by influencing the regulation of genes encoding topoisomerases (150, 151, 152) . Fis plays a role in the initiation of DNA replication, in several Xis C28S specifically bound to X2 DNA penetrates adjacent grooves of the duplex by fastening on the phosphodiester backbone. The major groove is filled primarily with helix α2 with the side chains of Glu19, Arg23, and Arg26 playing a major role in specific DNA recognition. The adjacent minor groove is contacted by the "wing" which does not contribute significantly to the specificity of complex formation but does contribute to binding affinity, although to a smaller extent than helix α2. The side-chain of Arg39 (brown) extends along the floor of the minor groove where it makes direct and water-mediated hydrogen bonds. (B) A model for the Int (NTD)-Xis-DNA ternary complex. The Int (NTD) is modeled to interact with the TGA trinucleotide (underlined) of the P2 site (blue) in the DNA major groove. Xis is modeled on the X1 site (magenta) in the same manner as observed in the complex with the X2 site. The C-terminal tail of Xis, which is disordered in solution (not shown), is located adjacent to the C-terminal helix of the NTD of Int to make a protein-protein interaction as shown by mutagenesis and NMR titration data (179) . (C) X-ray crystal structure of Xis bound to the Xis binding region reveals the structural basis of cooperative binding. Xis monomers bound to the X1, X1.5, and X2 sites are colored dark salmon, green, and blue, respectively. (D) Structure-based model of an extended Xis-DNA filament. Units of the Xis-DNA X1-X2 crystal structure were stacked end-to-end by superimposing site X1 over X1.5 to assemble a pseudocontinuous helix with a pitch of ∼22 nm. Proteins are blue; DNA is orange. Reprinted with permission from reference 139 (A and B) and reference 140 (C and D). doi:10.1128 /microbiolspec.MDNA3-0051-2014.f8 transposition reactions, and in the regulation of transcription at many different genes by several different mechanisms (for reviews, see references 112, 143, 151, and 153) . The large number of critical sites of action for Fis becomes even more significant when considering how dramatically its intracellular levels vary as a function of cellular physiology.
Thompson et al. (142) showed that Fis levels drop dramatically when cells entered stationary phase and, more significantly, that occupation of the Fis binding site on att site DNA also drops in stationary phase cells. More detailed studies revealed that from these extremely low levels in stationary phase, Fis levels increase 500-fold during the initial lag phase when cells are diluted into fresh medium, and reach a peak of 50,000 to 100,000 copies per cell as the culture enters exponential phase. The control of Fis protein synthesis is at the level of mRNA where it is repressed by Fis protein (154, 155, 156) and stimulated by IHF (157) . Transcription from the fis promoter, Pfis, is critically influenced by DksA, a component of the transcription initiation complex that is also required for negative regulation of rRNA promoters (158, 159) . DksA, which acts in part by reducing the half-life of (unstable) RNA polymerase-Pfis promoter complexes, elevates the required concentration of the initiating NTP (CTP) and amplifies the inhibitory effect of ppGpp on Pfis (154, 155, 158, 160) . In so doing, it constrains fis expression primarily to early log phase at high growth rates, and it inhibits expression at low growth rates or following amino acid starvation (154, 155) . However, as normal growth phase-dependent regulation of fis is observed in a ΔrelA ΔspoT strain, other mechanisms can evidently compensate for the role of ppGpp in the pathway (154) .
The crystal structures of Fis revealed a globular dimer composed of four tightly intertwined α-helices with two helix-turn-helix (HTH) motifs in each monomer (5, 6) . One of the most striking features of the Fis structure was that the D helices, which were proposed to fit into adjacent major grooves of the DNA helix, are only 25 Å apart, approximately 10 Å shorter than the pitch of normal B DNA.
The long-standing hurdle to obtaining Fis-DNA cocrystals was the weak similarity among the many 15 bp sequences capable of forming stable complexes with Fis, thus, making it extremely difficult to derive an optimal consensus sequence for Fis binding. This obstacle was finally overcome by Stella et al. (7), who compiled the results of many analyses of Fis binding affinities into an informative hierarchy of DNA sequences, culminating in two 27 bp oligonucleotides whose Fis binding affinities were sufficiently optimized for crystallography (see Fig. 9A ). Having established that compression of the central AT-rich minor groove is a critical feature of Fis binding, the authors went on to show that intrinsic DNA bends are unlikely to contribute significantly to Fis binding. Rather, they proposed that Fis initially searches for DNA with an intrinsically narrow minor groove, where AT composition, not sequence, is the critical determinant. Most recently, the Johnson lab has shown that the primary molecular determinant modulating minor groove widths is the 2-amino group on guanine (145) .
While intrinsic DNA bends are not very important for targeting Fis binding, the bends induced by bound Fis are critical for its many functions, including DNA compaction, assembly of invertasomes, regulating transcription, and, most importantly for this article, directing the curvature of the attR complex. The Johnson lab proposed that cooperative DNA binding between Fis and its partners, which bind immediately adjacent to Fis but generate only a small number of interfacial amino acid residues, is likely facilitated by mutually compatible changes in DNA shape.
Early experiments indicating that the F and X2 sites on attR overlap one another had been interpreted to suggest that both sites could not be bound simultaneously by their cognate proteins. However, subsequent experiments using quantitative gel shifts, stoichiometry determinations, nuclease footprinting and protein-protein crosslinking clearly established that Fis and Xis bind to the F and X2 sites simultaneously and cooperatively (8, 141) . Most interestingly, Papagiannis et al. showed that Fis binds to the attR site in vitro with approximately 100-fold greater affinity than Xis alone, and in vivo, the rate of excision is reduced approximately 100-fold when Fis is absent (8) . They proposed that in vivo Fis targets the otherwise peripatetic Xis to the X2 site, which then recruits Xis to X1.5 and X1. Based on their Xis-DNA microfilament cocrystal structures and their Fis crystal structures they built a model of the Fis-Xis complex on attR DNA, in which their observed protein induced DNA distortions are proposed to favor the cooperative binding of Fis and Xis (Fig. 9B) .
PATTERNS OF λ NTD BINDING AND BRIDGING
Prior to considering the patterns of λ NTD binding and bridging in recombination reactions between canonical pairs of att sites, it should be noted the λ Int is also capable of efficiently carrying out an IHF-dependent recombination between two identical attL sites lacking a P′1 arm site (55) . The existence of such a bidirectional pathway lacking the usual complement of components raises interesting questions about the kinds of recombinogenic complexes Int is capable of forming (161, 162, 163) and also underscores the caveat of off-pathway reactions.
The caveat of off-pathway reactions was echoed by a caveat about the artificially imposed symmetry of the NTD domains of the complexes used for X-ray crystallography of Int tetramers bound to Holliday junctions (discussed above). Earlier genetic and nuclease protection experiments had suggested that the patterns of NTD binding to arm-type sites were asymmetric (see Fig. 1 ) (reviewed in reference 27) and these results were subsequently reinforced by nuclease protection studies on Holliday junction intermediates (trapped with a hexapeptide inhibitor [51] ) and biotin interference assays (BIA) (164) . The latter, which probe the requirements for protein binding at a particular DNA locus by obstructing the major groove with a biotin bound to the C5 position of designated thymines, was particularly compelling because it monitored a complete integrative or excisive recombination reaction. From these experiments, it became clear that any attempt to understand the architecture and function of canonical recombinogenic complexes would require an analysis of the full ensemble of proteins and DNAs.
A requisite step in moving towards a panoptic investigation of the recombinogenic complexes was the deciphering of which "core-type" and "arm-type" binding sites are joined to one another by Int-mediated bridges. Towards this end, a disulfide trapping technology (165, 166) was used, in conjunction with trapped Holliday junction complexes (see Fig. 2 ), to introduce disulfide crosslinks at the protein-DNA interfaces between an Int NTD and its cognate arm-type site, and between an Int CTD and its cognate core-type site (36) . Trapped nucleo-protein HJ complexes doubly crosslinked to Int were only observed with those att sites in which cystamine-labeled arm site and the cystaminelabeled core site are "bridged" by the same Int molecule From such analyses, it was concluded that the Int bridges between arm-and core-type sites in the integrative HJ recombination intermediate are: P′1-C′; P′2-C; P′3-B′; and P1-B. The Int bridges in the excisive HJ intermediate are: P′1-C′; P′2-B; and P2-B′. This leaves the C core site as the one that does not form an Int bridge with one of the three arm-type sites required for excisive recombination.
The Int bridges determined by site-directed crosslinking in HJ complexes were confirmed and complemented in full recombination reactions by a genetic approach using two chimeric recombinases. The first, called Crn1, consists of a Cre recombinase fused to the NTD of λ-integrase; it has all the properties of λ Int (described above) (89) . This was complemented by construction of a second chimeric recombinase, Crn2, in which the NTD and CTD domains recognized different arm-and core-type DNA target sequences (36) . A collection of hybrid att sites was constructed in which one of the bridged arm-core pairs (identified by the chemical crosslinking experiments) had the arm and core sequences recognized by Crn2, while the remaining arm-core bridges had the arm and core sequences recognized by Crn1. Using these substrates, it was shown that Crn1 could not carry out recombination unless Crn2 was also present (and vice versa). The results of the chimeric recombination reactions confirmed, and also provided information complementary to, the results from chemical crosslinking (as discussed below).
These results argue strongly against models in which regulated directionality of λ Int recombination depends upon some degree of Int bridge remodeling during the course of the reaction. Furthermore, the monogamous relationship of each arm-core bridged pair throughout the course of the recombination reaction makes it possible to extrapolate from the patterns observed in the HJ recombination intermediate to those predicted for the presynaptic recombination partners and the post HJ recombination products. Inspection of Fig. 10 reveals that for excisive recombination, the presynaptic partners have only intramolecular bridges, suggesting that Int bridging is not a driving force in synapsis of attL and attR. This is also likely to be the case for integrative recombination, even though the capture of a naked attB by a fully assembled (supercoiled) attP complex requires two intermolecular bridges (91) . It was postulated that the reason attB cannot bind Int protomers unless they are part of a higher-order complex stems from the need to overcome the NTD inhibition of CTD function, described above (49) , and not from any driving force by intermolecular bridges (see also discussion below).
ARCHITECTURES OF RECOMBINOGENIC COMPLEXES
In an attempt to derive architectural models for the HJ recombination intermediates, the Int bridging results were augmented with in-gel fluorescence resonance energy transfer (FRET) experiments (101, 167, 168, 169) to determine the apparent distances between selected positions within the excisive recombination HJ intermediate (37) .
Using the Int bridging data, the apparent FRET distances for the HJ recombination complex, and the 3D structures for all of the protein components in their DNA-bound forms (4, 7, 8, 44, 45, 139, 140) , it was possible to computationally build a model for the architecture of the λ excision complex (Fig. 11A, B, C) . The NTD of the Int subunit bound at the C core site (NTD-C) is shown separated from the rest of the complex to improve clarity of the P-arm trajectory. (C) Side view of the excisive complex, highlighting the trajectory of the P-arm. IHF bending of the P′ arm at H′ directs the DNA over the CTD domains of the Int tetramer, facilitating engagement of the P′1 and P′2 arm sites by the Int subunits bound at the C′ and B core sites, respectively. In the P-arm of attR the phasing of the IHF-induced bend at H2 is different from that at H′; at H2, the P-arm is directed along the plane of the catalytic domain tetramer. An A-tract sequence that is stabilized by Fis binding (7, 8) directs the P-arm upwards, towards the Int CB domains. The cooperative Xis filament (8, 140) then redirects the P-arm across the top of the Int CTD domains, where the P2 site is bound by the Int subunit bound at the B′ core site. The Xis subunit bound at X1 resides close to the position where the NTD of the Int subunit bound at the C core site (Int-C) would be expected. The NTD of Int-C was not docked in a specific location of the excisive complex model, but it seems plausible, even attractive, that this domain could bind nonspecifically to the P-arm near the X1 site, perhaps interacting with Xis. (D) Schematic of the integrative complex architecture. The arm-type binding sites engaged by the four Int subunits are indicated. (E) Model of the integrative complex in the same "top view" as illustrated in panel B. In this orientation, the P-arm rises towards the viewer, crosses over the P′ arm, and is directed back towards the Int tetramer by the IHF bend at the H1 site. (F) Side view of the integrative model, looking approximately down the B core site. The NTD of the Int subunit bound at the B core site (NTD-B) is shown bound at the P1 site, on the flexible P-arm. The CB and catalytic domains of the Int subunit bound at the B site can be seen wrapped around the opposing face of attB, with the interdomain hinge indicated. The CTD-NTD linkers were not modeled and are not shown. IHF bending at H′ directs the P′ arm over the CTD domains of the Int tetramer, but in this case the P′1, P′2, and P′3 binding sites are engaged by the Int subunits bound to C′, C, and B′, respectively. As Xis is not present in the integrative complex, the P-arm is directed upwards, parallel to the Int tetramer, and as Fis stimulation of integration has been reported (180, 181) , it was included in the model. IHF bound to the H1 site redirects the P-arm back towards the Int tetramer, crossing over the P′ arm in the process. The P1 arm-type site is thereby brought to a position where it can bind the NTD of the Int subunit poised for capture of the B core half-site (Int-B). Reprinted with permission from reference 37. doi:10.1128/microbiolspec.MDNA3-0051-2014.f11
Insights gained from the excisive complex along with the integrative Int bridging data and 3D structures were used to generate a corresponding model of the integrative complex (Fig. 11D, E, F) . Considered individually and together, the two architectures afford a number of interesting insights, as discussed below and in the figure legends (37) .
In the excision complex, the P′ and B arms form a left-handed crossing, while the overall path of attR DNA indicates a left-handed, nucleosome-like, wrapping by IHF, Fis, Xis, and Int. The model thus predicts a negative DNA crossing node in attL and left-handed solenoidal wrapping in attR, both of which are consistent with negative supercoiling in the normal substrates. In the integrative complex the asymmetric mode of binding to C′, C, and B′ by the P′ arm requires considerable flexibility in the linker segments between the CTDs and NTDs, and this model explicitly predicts the formation of a negative DNA-crossing node in the recombination complex, where the P-arm crosses over P′. The model also features an unusual and flexible P-arm tether that positions Int-B for attB binding.
ASYMMETRY AND FLEXIBILITY
The architectures proposed for the recombinogenic complexes differ in several ways from the crystal structures of the HJ-bound Int tetramers bound to arm site DNA duplexes (44) . While this would not necessarily have been predicted, it is not surprising, as the crystal structures did not include accessory DNA bending proteins or their cognate DNA sites, which join the coreand arm-type sites. An additional compromise required to form crystals was the substitution of a pair of P′1-P′2-containing oligonucleotides for the canonical asymmetric arrangement of arm-type binding sites. Indeed, subsequent experiments involving biotin-interference mapping of complete recombination reactions (described above) are more consistent with the asymmetric architectures than the symmetric arrangement in the smaller complexes designed for crystallization (164) . In contrast to the symmetric and tightly packed NTD organization observed in crystal structures, the models for the architectures of the complexes feature highly asymmetric arrangements of the NTDs. In the former, the domains are swapped, with the NTD of one Int subunit located above the CB domain of an adjacent Int. The latter is incompatible with domain-swapped NTDs and implies considerable flexibility in the CB-NTD linkers.
TOPOLOGY
Excisive recombination between directly repeated attL and attR sites results in a large fraction of free circles when supercoiling levels are low, similar to that observed for the Cre and Flp recombinases (170) . Integrative recombination between directly repeated attP and attB sites results in catenated circles for supercoiled substrates, implying that the recombination process itself imposes a strand crossing (170, 171, 172) . Seah et al. (37) argue that the proposed architectures are consistent with these results and explain many of the other topological findings of Crisona et al. (170) . Additionally, the tightly wrapped nature of the integrative complex model and the inclusion of a negative DNA crossing node are consistent with, and may explain, in part, the requirement for negative supercoiling for efficient integration (91) .
CAPTURING THE HOST attB SITE
From the time, Richet and Nash (91) first showed that attB comes naked to a recombination with its fully decorated attP partner, and there has been considerable speculation about the details of this synaptic event. Because of the pseudodyad symmetry of the core-type sites the openings of the bound integrase C-clamps must face in opposite directions (45) . While this is not a problem for the monovalent family members it implies that for the fully assembled attP complex one of the Int subunits (the one destined to bind the B core site of attB) must have the flexibility to wrap around the host chromosome from the opposite face.
Indeed, the architecture proposed for the integrative complex does contain an inherently flexible P-arm that tethers the Int-B subunit and allows for the dynamic binding required to engage the bacterial chromosome and ultimately lock onto the attB sequence. The model is also consistent with, and explains, a difference between the two kinds of Int bridging experiments reported by Tong et al. (36) . Whereas chemical crosslinking of the P1-B Int bridge was the most robust of all the Int bridges, in the genetic analyses, the P1-B Int bridge was the weakest, precisely the difference expected for a flexible arm.
ARCHITECTURAL BASIS FOR DIRECTIONALITY
The source of the strong bias towards the top strands being exchanged first in formation of the HJ (33, 35) is evident from the models in Fig. 11 and Fig. 12 . During excisive recombination, both attL and attR are bent at their core sites in order to promote the bridging interactions that form between core and arm binding sites. The core site bend directions that lead to stable complexes are coupled to IHF-induced bends and commit both attL and attR to top strand cleavage upon synapsis of the sites. Similarly, only one bend direction of the attP core site will lead to stable bridging interactions between C/C′ core sites and P′1/P′2 arm sites. This direction commits attP to top strand cleavage in the synaptic complex with attB. Thus, the order of strand exchange in both pathways is determined prior to synapsis by formation of specific attL, attR, and attP complexes (34) .
The architecture of the excisive complex provides a bird's eye view of how Xis mediates its critical role as the regulator of directionality (137, 173) (Fig. 13A) . In the absence of Xis, the P-arm would not be directed across the top of the Int CTDs to make the required P2-B′ bridge and the P-arm would not be properly positioned to stabilize a functional attR. An additional critical role for Xis is to promote the cooperative binding of the Int NTD at P2 (66, 130, 174) .
The architecture of the excisive complex also explains the long-standing question of why the excision reaction does not run efficiently in reverse once attB is released (Fig. 13B) . After dissociation of attB, the attP complex is FIGURE 12 Schematic representation of the excisive and integrative reactions, based on the structural models shown in Fig. 13 . Coloring of the protein subunits matches that shown in Fig. 11 . Reprinted with permission from reference 37. doi:10.1128/microbiolspec .MDNA3-0051-2014.f12
FIGURE 13
The basis for directionality in λ recombination. (A) An explanation for why Xis is required for excision. (B) Explanation for why the excision pathway is not run efficiently in reverse to perform integration. (C) Explanation for why Xis inhibits the normal integration reaction. The Xis, P2, and H1 sites cannot be occupied simultaneously (22) . Schematics follow the same coloring scheme used in Fig. 11 and Fig. 12 . Int subunits not bound to a core site are colored gray. doi:10.1128/microbiolspec.MDNA3-0051-2014.f13 expected to be less stable because it now only contains a single intramolecular bridge (P′1-C′). Furthermore, this complex has the potential to rearrange, such that the attP core bends in the opposite direction and facilitates the formation two intramolecular bridges (P′1-C′ and P′2-C). While this complex resembles a portion of the attP substrate complex, it is prevented from proceeding to a competent complex by the presence of Xis, which prevents the binding of IHF at H1 and Int at P1 (131), leaving the P-arm improperly positioned for the synaptic attP complex (cf. Fig. 12B ). This same Xis-induced mispositioning of the P-arm is also responsible for the Xis inhibition of integrative recombination (Fig. 13C ) (136) . The architectures of the two complexes thus explain how the dramatically different roles of the P-arm in integrative versus excisive recombination provides the basis for an effective directionality switch that depends upon the presence or absence of Xis.
SUMMARY AND FUTURE DIRECTIONS
In the 12 years since publication of the last review that focused solely on the λ site-specific recombination pathway (in Mobile DNA II [27, 175] ), the most dramatic advances in our understanding of the reaction have been in the area of X-ray crystallography. Protein-DNA structures have been determined for the CTD of Int (45) , full Int in a tetrameric complex with HJ and arm site DNAs (44), Xis complexed with its DNA target (139) , and Fis complexed with its DNA target (7). Including the earlier IHF-DNA structure (4), these results comprise a complete portfolio of all of the DNA-protein interfaces driving the Int pathway. Building on this foundation of structures, it has been possible to derive models for the assembly of components that determine the regulatory apparatus in the P-arm (8, 140) , and for the overall architectures that define excisive and integrative recombinogenic complexes (36, 37) . The most fundamental additional mechanistic insights derived from the application of hexapeptide inhibitors (53) and single molecule kinetics (34) .
On the list of experiments needed to fill out and/or sharpen our understanding of the λ Int reactions, the answers to several structural questions are of high priority. Some of these are probably close at hand, such as structures for the interfaces between Xis and Fis on one side and Xis and the Int NTD on the other side. A more problematic, but very important structural question, concerns the conformations of the linker regions between the Int NTDs and CTDs within a functional recombinogenic complex. Architectures, or structures and stabilities, of the substrate and product complexes are important but will only be useful if accompanied by convincing demonstration they comprise part of the canonical pathway. If it would be too greedy to hope for X-ray crystal structures of the recombinogenic complexes, perhaps high-resolution cryo-electron microscopy might fill the bill. Additional single molecule analyses of the reactions, of HJ formation and resolution, and formation and stability of the products, should provide important mechanistic insights. Finally, without attempting to frame the specifics, it seems reasonable to predict the design of new applications of the λ Int pathway to study questions, and/or solve problems, unimagined at this time. In this vein one might ponder the question raised by J.K. King (176) : "Is it possible or not, that in the random process of life, human creativity results in biological behavior related to Lambda genetics?"
ACKNOWLEDGMENTS
This chapter is dedicated to the memory of Howard Nash and Bob Weisberg, who laid the foundations for studying the biochemistry and genetics, respectively, of the λ Int pathway. I am grateful to Greg Van Duyne, past and present members of my lab, and especially Reid Johnson, for many helpful discussions. I thank Reid Johnson, Tapan Biswas, Hideki Aihara, and Phoebe Rice for helpful comments and for making available figures depicting their work, Joan Boyles for administrative assistance, and especially Nicole Seah for help in preparing the manuscript. The work from my laboratory was supported by NIH grants GM062723 and GM033928.
